Incubation of streptomycin-resistant (rpsL) mutants of Salmonella typhimurium in alkaline nutrient medium containing streptomycin brought about an inhibition of cell growth that was readily reversed by removing the antibiotic or neutralizing the medium. Growth inhibition was maximal at pH 8.2 and a streptomycin concentration of 800 ,ug/ml. A similar amount of dihydrostreptomycin had a negligible effect, and 10-timeshigher concentrations of this antibiotic were required to reproduce the streptomycin action. Addition of streptomycin (400 ,ug/ml) to rpsL cells in alkaline (pH 8.2) nutrient medium caused inhibition of protein and DNA synthesis and also, but to a lower degree, of RNA synthesis. This effect on macromolecular synthesis was not due to ATP deprivation, since ATP content rose after addition of the antibiotic. At pH 8.2, the rate of entrance of streptomycin increased fourfold with respect to the rate at pH 7.0, leading to a large accumulation of streptomycin into rpsL cells. Uptake of the antibiotic was halted by addition of KCN or chloramphenicol.
Streptomycin and dihydrostreptomycin are closely related antibiotics differing only by the presence in the latter of a hydroxyl group instead of the aldehyde group carried by the former. This difference is not important as far as antibacterial effect is concerned, and for a long time the two substances were considered about identical and were used indiscriminately in extensive research aimed at disclosing the mode of action of streptomycin and the mechanism allowing its accumulation in the cell.
In 1963, Moskowitz (15) discovered that streptomycin was much more effective than dihydrostreptomycin in precipitating nucleic acids. Shortly afterwards, Brock (4) found that streptomycin but not dihydrostreptomycin inhibited plaque formation when certain bacteriophages were plated on streptomycin-resistant host cells. He also reported that streptomycin produced that effect by interacting with the proteins of phage and suggested that a complex formed between the aldehyde and the N-methyl group of streptomycin was responsible for those actions not shared by dihydrostreptomycin (4) .
Although Moskowitz (15) proposed some conditions that could help to reveal differences in the action of streptomycin and dihydrostreptomycin on bacteria, no reports on such a difference manifested in vivo have appeared up to now.
While performing genetic studies on a group of cell envelope-defective mutants of Salmonella typhimurium which are unable to grow on alkaline (pH 9.5) nutrient agar (2, 3) , it was observed that addition of streptomycin to alkaline mediun resulted in growth failure of ribosomally resistant rpsL strains that in neutral medium endured large amounts of streptomycin.
This paper reports a preliminary study of this phenomenon. The (Fig. 1) . That alteration was dependent both on the presence of the antibiotic and on the pH, since the OD increment was normal in alkaline medium without antibiotic and in neutral medium with streptomycin ( Fig. 1) .
Growth inhibition was not accompanied by cell death (Fig.  1, inset) and could be readily reversed by removing the antibiotic or by modifying the pH (Fig. 1) . The response of strain DA1030 to streptomycin plus high pH appeared to be general for rpsL mutants of S. typhimurium and was also shown by two rpsL strains of Escherichia coli K-12 tested.
The inhibitory action of streptomycin plus high pH depended on the streptomycin concentration. The effect was negligible at concentrations under 200 ,ug/ml but increased sharply at higher concentrations and reached its maximal expression at about 800 ,ug of streptomycin per ml (Fig. 2) .
Moreover, the extent of inhibition was proportional to the pH between 7.0 and 8.2. At higher pHs, inhibition remained constant or even decreased slightly (Fig. 2, inset) .
Dihydrostreptomycin is closely related to streptomycin, from which it can be obtained by reducing the aldehyde group in the streptose moiety to an alcohol group. It shares with streptomycin the mechanism of entrance into the cell and the high-affinity binding site in the ribosome of sensitive bacteria (7) . It was found that dihydrostreptomycin at pH 8.2 and at concentrations equivalent to those used with streptomycin did not inhibit growth. It was necessary to increase the dihydrostreptomycin concentration about 10 times to reproduce the streptomycin effect (Fig. 2) . In fact, the behavior of dihydrostreptomycin at pH 8.2 was very similar to that displayed by streptomycin at pH 7.0 (Fig. 2) .
In experiments with mixtures of streptomycin and dihydrostreptomycin, no evidence of competition between them was found, and according to the extent of growth inhibition observed they appeared to act additively. romolecules was curtailed by addition of streptomycin to rpsL cells growing in medium at pH 8.2 (Fig. 3) . Inhibition of protein synthesis appeared 9 min after addition of the antibiotic, and inhibition of DNA and RNA synthesis appeared 6 min later. There were also differences in the magnitude of the effect; whereas the rate of incorporation of leucine and thymidine suffered a reduction of about 40 to 50%, incorporation of uracil was inhibited by only 17%.
Such a generalized and almost simultaneous inhibition of macromolecular synthesis could be caused by a shortage of ATP; therefore, ATP content was also investigated. only was there no reduction in the level of ATP but, in fact, it even increased in the culture containing streptomycin. Thus, the ATP content, which was 0.57 nmol/mg (dry weight) of cells in the culture at pH 8.2, reached 0.75 nmol/mg 1 h after addition of the antibiotic.
On the other hand, it was observed that oxygen consumption decreased progressively after streptomycin addition, and 50 min later it amounted only to half of the initial level (data not shown).
Effect of high pH on uptake of streptomycin and dihydrostreptomycin. The effect of high pH on the accumulation of streptomycin (400 ,ug/ml) is shown in Fig. 4 . The rate of entrance was fourfold higher at pH 8.2 than at pH 7.0. At variance with a previous work reporting no difference whether streptomycin or dihydrostreptomycin was used as the unlabeled component (5), the rate fell by half when dihydrostreptomycin (400 ,ug/ml) instead of streptomycin was used at the same pH. Therefore, it was necessary to increase the dihydrostreptomycin concentration to 800 ,ug/ml to obtain an accumulation similar to that produced by 400 ,ug of streptomycin per ml (Fig. 4) . As dihydrostreptomycin was not able to alter cell growth at that concentration, it is evident that dihydrostreptomycin inactivity was not due to an inability to enter the cell.
In spite of the pronounced increase caused by high pH, streptomycin accumulation still showed known characteristics of the first, slow, energy-dependent phase of entrance (EDP-I) of aminoglycosides (5) . Thus, addition of 2 mM KCN or 25 ,ug of chloramphenicol per ml together with streptomycin produced a drastic arrest of streptomycin uptake after a short delay (Fig. 4) . The same effect was noticed when any of those inhibitors was added 25 min after streptomycin addition (data not shown). 
DISCUSSION
It has been established that uptake of aminoglycoside antibiotics by susceptible cells is driven by the transmembrane electrical potential (8, 10) and is also strongly influenced by other factors, such as electron transport (6, 11) , growth rate (16, 17) , chloramphenicol (1) , high-affinity binding to the ribosome (5), etc., whose roles are not yet well defined.
Three phases have been described by Bryan and Van Den Elzen (5) in the complex process allowing uptake of streptomycin by susceptible cells. The first one, which does not require energy, is practically instantaneous and represents the ionic binding of streptomycin to the cell surface. The second phase (EDP-I), which is characterized by a slow, energy-dependent entrance of streptomycin, is followed by the third phase (EDP-II), which is also dependent on energy but displays a highly accelerated uptake of the antibiotic. The last phase, which is coincidental with cell death, develops only in susceptible strains, and in ribosomally resistant mutants uptake of streptomycin shows the slow rate characteristic of EDP-I.
It is also known that the susceptibility of rpsL+ strains to aminoglycoside antibiotics increases as the pH of the medium rises (8, 9) . This effect of pH has been assigned not only to the corresponding increase brought about in membrane potential (8) , but also to changes in the ionization of polar groups from the antibiotic molecule and the cell envelope (9, 12) .
The data reported in this paper demonstrate that the rate of entrance of streptomycin into ribosomally resistant strains greatly increases at high pH and results in the accumulation of amounts of streptomycin comparable to those reported for susceptible cells after development of the rapid phase of uptake. Thus, the rpsL mutant of S. typhimurium accumulated, after 10 min, 1.7 ,ug of streptomycin per mg (dry weight) (Fig. 4) , while susceptible cells of E. coli K-12 contained, 10 min after onset of EDP-II, 1.0 ,ug/mg in experiments performed with a concentration of 50 ,ug of streptomycin per ml (5).
Conditions resulting in high intracellular concentrations of streptomycin and the absence of the ribosomal site of high affinity allowed demonstration of a bacteriostatic effect of streptomycin not detected until now. Bacteriostasis was accompanied by inhibition of macromolecular synthesis and depression of respiratory activity. As the inhibitory effect of streptomycin was manifested almost simultaneously by protein, DNA, and RNA synthesis, no primary target could be discerned. In fact, the evidence suggests that streptomycin exerts its action on several targets which probably have different sensitivities to the antibiotic and for that reason are inhibited at slightly different times, that is, at slightly different intracellular streptomycin concentrations.
Taking into account the well-known ability of streptomycin to bind to nucleic acids and other macromolecules (4, 15) , it is tempting to postulate that the action observed is the result of disturbance produced in the functioning of nucleic acids by the binding of high amounts of streptomycin. Support for this idea is lent by the inability of dihydrostreptomycin to accomplish the same effects, since it was demonstrated long ago that streptomycin and dihydrostreptomycin differ markedly in their ability to precipitate nucleic acids (15) .
Some conclusions bearing on the mode of action of streptomycin can be drawn from the experiments reported here. The fact that streptomycin and dihydrostreptomycin were equally effective in producing cell death of susceptible bacteria, whereas only streptomycin caused the bacteriostatic effect described in this paper, indicates that the latter phenomenon is not involved in the bactericidal activity of those antibiotics. On the other hand, according to the "two-hits" model proposed by Hancock (13) , cell death would be due to the inactivation by aminoglycosides of two different targets, neither of which, by itself, would be able to cause death. Considering the apparent innocuousness of such high intracellular concentrations of dihydrostreptomycin as those observed in this work, it would appear that the second target, if it does exist, is reached only through the action of the antibiotic on the sensitive ribosomal site. It seems, therefore, that the ribosomal site of high affinity is still the key factor for understanding the mode of action of aminoglycoside antibiotics.
